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We demonstrate highly efficient coupling of light from an optical fiber to a silicon photonic crystal optome-
chanical cavity. The fiber-to-cavity coupling utilizes a compact (L ≈ 25 µm) intermediate adiabatic coupler.
The optical coupling is lithographically controlled, broadband, relatively insensitive to fiber misalignment, and
allows for light to be transferred from an optical fiber to, in principle, any photonic chip with refractive index
greater than that of the optical fiber. Here we demonstrate single-sided cavity coupling with a total fiber-to-cavity
optical power coupling efficiency of 85%.
Efficient coupling of light from an optical fiber to micro-
and nano-scale on-chip optical devices is an important, albeit
very challenging, task in integrated photonics [1, 2]. The fun-
damental difficulty in achieving efficient coupling is the large
modal mismatch in spatial extent, polarization, and propaga-
tion constant between a glass fiber with weak refractive in-
dex contrast and that of a typical on-chip waveguide with
high refractive index contrast and sub-micron dimensions.
A great variety of techniques have previously been devel-
oped to overcome this challenge, including end-fire coupling
to inverse tapered on-chip waveguides [3–7], on-chip grat-
ings for near-normal incidence coupling [8–10], and evanes-
cent contra-directional coupling between tapered fibers and
dispersion-engineered photonic crystal (PC) waveguides [11].
End-fire coupling, while an efficient and mature technology,
is limited to coupling at the edge of the chip and requires
accurate three-dimensional alignment. Grating coupling and
contra-directional PC waveguide coupling do allow for two-
dimensional (2D) testing of arrays of devices on a chip, but
suffer from a limited bandwidth of operation associated with
phase-matching requirements.
In this letter we demonstrate optical fiber coupling to a 2D
array of silicon photonic crystal cavities formed in the top de-
vice layer of a silicon-on-insulator (SOI) chip. The optical
coupling in this work has the combined attributes of extremely
high efficiency (> 95%), large optical bandwidths (> 50 nm),
and full in-plane device testing – attributes which were critical
to the recent demonstration of optical squeezing through ra-
diation pressure effects in these mechanically compliant cavi-
ties [12]. The coupling method involves using a tapered optical
fiber in conjunction with a lithographically tapered, on-chip
waveguide to achieve adiabatic mode transfer between fiber
and chip. Since the coupling scheme utilizes neither phase- nor
mode-matching, it achieves large bandwidths while being rel-
atively robust to misalignment. This allows for rapid, repeat-
able, and wafer-scale optical fiber testing of devices. In addi-
∗These authors contributed equally to this work.
†Electronic address: opainter@caltech.edu; URL: http://copilot.
caltech.edu
tion to SOI, this method is applicable to photonic chips with a
top thin-film (bottom cladding) of refractive index greater than
(less than) the refractive index of the optical fiber.
The concept of adiabatic transfer of energy between cou-
pled modes dates back to the work of Landau and Zener [13]
on molecular energy level crossings, ideas which were then
applied to microwave [14–16] and optical [17–21] systems.
In guided-wave optics, a direct analogy to the quantum me-
chanical formulation of adiabaticity can be found, where the
effective index of the waveguide plays the role of energy lev-
els in quantum mechanics, while the role of time is played by
the propagation axis. In the adiabatic optical coupler of this
work, a fiber taper with micron-scale diameter [22] is evanes-
cently coupled to a silicon waveguide etched into the 220 nm
thick device layer of an SOI chip. These two waveguide sys-
tems, when brought into close proximity, lead to an effective
interaction in the coupled mode picture. The effective refrac-
tive index of the on-chip silicon waveguide mode can be tai-
lored in the interaction region by simply modifying the width
of the waveguide along the propagation axis – analogous to
shifting energy levels in time in the quantum mechanics prob-
lem. By adiabatically sweeping the effective index of the sili-
con waveguide from below to above the effective index of the
optical fiber (n f . 1.5), all the energy originally in the sili-
con waveguide can be transferred to the optical fiber, and vice
versa.
This intuitive picture of the adiabatic coupling process is
verified here through use of a vector finite-difference mode
solver [23]. The mode solver is used to calculate the propagat-
ing modes of the coupled fiber-waveguide system for different
silicon waveguide widths, which are plotted in Fig. 1a for an
optical wavelength of λ0 = 1550 nm. The uncoupled bands of
the guided modes of a fiber taper of diameter d = 1.6 µm and a
silicon waveguide of thickness t = 220 nm and varying width,
w, are plotted as dashed lines in this plot. These uncoupled
bands simply cross one another as the silicon waveguide width
is swept from a large (w ∼ 385 nm) to a small (w ∼ 65 nm)
width. For the most strongly coupled case, where the fiber and
waveguide are touching, strong coupling between the bands is
observed, forming mixed supermodes of the coupled waveg-
uides. Following the highest effective refractive index super-
mode band as a function of waveguide width (or correspond-
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FIG. 1: Fiber-to-waveguide adiabatic coupler. (a) Simulation of the effective index of the three lowest-order modes of the bare optical
fiber taper (dashed blue lines) and fundamental mode of the bare silicon width-tapered waveguide (dashed black line). The dispersion of the
supermodes of the coupled waveguides are shown as solid red lines. The silicon waveguide is simulated with 220 nm thickness, while the
optical fiber taper has a diameter of 1.6 µm. (b) (top) Cross-sectional view of the supermode between fundamental fiber taper and fundamental
silicon waveguide modes at various silicon waveguide widths supermode. (bottom) Three-dimensional rendering of the fiber taper sitting
on top of, and in contact with, the width-tapered silicon waveguide (sections corresponding to the simulated supermode mode profile are
indicated). (c) Scanning electron micrograph (SEM) image of the waveguide made in the device layer of an SOI chip. The nominal width of
the waveguide changes adiabatically from 280 nm to 370 nm over a distance 25 µm.
ingly, along the propagation axis), a drastic change in the su-
permode profile can be seen in Fig. 1b. For the smallest width
waveguide, w= 65 nm, the coupled mode is localized entirely
in the optical fiber, whereas when w = 385 nm the mode is
entirely localized in the on-chip waveguide.
In order for the coupling process to be adiabatic, and for
near unity conversion efficiency of light from one waveguide
to the other, the effective index of the fundamental mode of the
silicon waveguide must be swept across the effective index of
the fundamental optical fiber mode slowly. In exact analogy
to the adiabatic theorem in quantum mechanics, the adiabatic
condition can be expressed in terms of the size of the separa-
tion in the effective indices between the two closest bands, and
the rate of change of the uncoupled bands. The effective in-
dex of the fundamental silicon waveguide mode, nWG, versus
waveguide width is shown as a dashed black line in Fig. 1a.
The relevant “gap” in the problem is ∆neff, the effective in-
dex difference between the two supermodes formed from the
fundamental fiber taper and fundamental silicon waveguide
modes (see Fig. 1a). The adiabatic condition is then expressed
as dnWG/dy k0|∆neff|2, where k0 is 2pi divided by the free-
space wavelength of light. For a fiber taper of slightly larger
diameter d ∼ 2 µm, as used in the experiments described be-
low, the anti-crossing of the fundamental fiber taper and sil-
icon waveguide modes shifts to a silicon waveguide width
closer to w ≈ 325 nm. A microfabricated waveguide meet-
ing the adiabaticity condition and providing optimal coupling
to a silica fiber taper of diameter d = 2 µm is shown in Fig. 1c.
In this structure the silicon waveguide width is varied from
w= 280 nm to w= 370 nm over a distance of only L= 25 µm.
Finite-difference time-domain simulations of the coupling be-
tween the fundamental mode of the fiber taper and fundamen-
tal mode of the silicon waveguide show that the transfer effi-
ciency of optical power from one waveguide mode to the other
is & 97% in the 1500 nm wavelength band.
Coupling of the on-chip silicon waveguide with the cavity
is rather straightforward given the similarity of the material
they are formed from. Waveguide-cavity coupling is accom-
plished by bringing the waveguide into the near-field from the
side of the cavity, allowing for evanescent coupling. Here the
cavity is a double nanobeam, zipper-style optomechanical cav-
ity [12, 24]. A FEM model and SEM image of the waveguide-
coupled cavity is shown in Fig. 2b and c, respectively. To en-
sure a single-sided coupling between the device and waveg-
uide, the waveguide is terminated with a PC mirror. The size
of the holes of this mirror are adiabatically tapered to avoid
scattering losses and the mirror region of the waveguide is the
same as for the cavity itself. A plot of the theoretical cavity
loss rates versus waveguide-cavity separation s are plotted in
Fig. 2d. In these plots the total cavity loss rate is κ = κi +κe,
where κe is the waveguide-to-cavity coupling rate and κi is
the rate associated with the internal losses of the cavity. κe
(solid green line), is seen to decrease roughly exponentially
with waveguide-cavity separation out to s ≈ 600 nm, whereas
κi (solid red line) is approximately independent of the gap.
Full characterization of the fiber-coupled cavity system
can be separated into two parts: (i) characterization of
waveguide-cavity loading and (ii) characterization of the fiber-
to-waveguide coupling. The setup used for this character-
ization is shown in Fig. 2a. An external-cavity semicon-
ductor laser (New Focus Velocity series) with a range of
1520− 1570 nm is used to characterize the cavity and cou-
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FIG. 2: Experimental setup and waveguide-cavity loading. (a) A
tunable laser is used to characterize the devices and scan for optical
resonances. The laser wavelength is stabilized at a fixed detuning
from a cavity resonance using a wavemeter (λ-meter). The laser in-
tensity is set using a variable optical attenuator (VOA) and amplitude
modulated using an electro-optic modulator (a-m). The polarization
of the laser light at the chip is set using a fiber polarization controller
(FPC). A circulator is used to collect the reflected light from the chip.
The reflected light passes through a switch (SW1), and can be ei-
ther sent to a slow detector (PD2) to monitor the average reflected
optical power, or to a high-speed detector (PD1). The high-speed de-
tector is connected to a vector network analyzer (VNA) to analyze
the phase and amplitude response of the optical cavity. The photode-
tector (PD3) is used to characterize the transmitted optical power if
necessary. (b) Finite element methods (FEM) simulation of the opti-
cal cavity mode, field intensity normalized to its maximum, coupled
to the waveguide. The waveguide is designed with a PC mirror which
only allows light in and out of the cavity in one direction. (c) SEM
of the waveguide-cavity coupling region of a fabricated device. (d)
Simulation (solid lines) and experimentally extracted values (circles)
for the intrinsic loss rate (κi; red), waveguide – cavity coupling rate
(κe; green) and total cavity decay rate (κ= κi +κe; blue).
pler properties. An electro-optic modulator (EOM) is used to
stabilize the optical power incident on the device and to create
an optical sideband which allows for phase and amplitude het-
erodyne spectroscopy of the optical cavity (see below). Fiber
polarization controllers (FPC) are used to set the polarization
of the light incident on the device and a circulator allows for
the collection of the reflected light. Further details are pro-
vided in the caption of Fig. 2.
For the measurements presented here, an optical fiber taper
formed from a Corning SMF28e fiber and drawn down to a di-
ameter of ≈ 2 µm is positioned on top and in contact with the
tapered region of the silicon waveguide using precision motor-
ized stages. The fiber taper has a small radius “dimple” [22]
formed in it, providing a 10−15 µm contact region with the ta-
pered silicon waveguide. The efficiency of the fiber-waveguide
coupling, ηc, can be determined by the off-resonance reflected
optical power level referred to the known input power. Here
the waveguide end mirror acts as a broadband reflector. Cali-
bration of the circulator losses from port 1→ 2 (η12) and port
2→ 3 (η23), optical fiber taper loss (ηtaper), and the loss in op-
tical switch SW1 (ηSW) allows the reflected power measured
on the photodector PD2 to be used to determine ηc. This es-
timate of ηc includes any scattering loss in the waveguide it-
self and non-perfect reflection from the waveguide end mir-
ror. Figure 3a shows the reflected optical power as the laser is
scanned over two different cavity resonances. The signal level
is normalized to the input power such that off-resonance it cor-
responds to the efficiency of light coupled from the fiber taper
into the waveguide and then back out again. In these scans, the
background approaches a level of ∼ 0.85 giving a single pass
coupling efficiency of ηc ∼ 92% for both devices. The mea-
sured fiber-to-waveguide coupling varies slightly from device
to device but is consistently over 90% for single pass coupling,
and in some cases ηc has been measured larger than 95%.
Characterization of the waveguide-cavity loading requires
consideration of the amplitude and phase response of the cav-
ity. The on-resonance reflection level, when normalized to the
off-resonance level, is R0 and is given by R0 = (1− 2ηκ)2
where ηκ is the waveguide-cavity coupling efficiency and de-
fined as ηκ = κe/κ for single-sided coupling. Fitting the
linewidth of the optical response to determine R0 and κ is
not enough to fully determine the coupling efficiency η, as
R0 is not a single-valued function of η for single-sided cou-
pling. This can be seen in Fig. 3a which shows the reflected
signal from the optical scans of two different devices, both of
which have similar R0 values but different linewidths. The full,
complex response of the optical cavity is measured by lock-
ing the laser off-resonance from the cavity, and using a vector
network analyzer (VNA) in combination with an electro-optic
modulator (see Fig. 2a) to sweep an optical sideband across
the cavity. The beating of the probe sideband with the off-
resonant laser signal is detected on a high-speed photodector
(PD1) connected to the input of the VNA. By calibrating the
response with no optical cavity present, the phase and ampli-
tude response of the entire optical train is determined and used
to normalize the signal. The amplitude and phase response
of an over-coupled and under-coupled optical cavity measured
using this technique are shown in Fig. 3a and b, respectively.
Figure 3c shows the inferred waveguide-cavity coupling ef-
ficiency for devices of varying gap size s. The right-hand axis
shows the on-resonance reflection R0 and the left-hand axis
shows the equivalent waveguide-cavity coupling efficiency.
Here the coupling efficiency increases roughly linearly with
decreasing gap size and a maximum coupling efficiency ap-
proaching ηκ = 0.9 is demonstrated. The measured κe and κi
are also plotted as filled circles along with the theoretically ex-
pected values in Fig. 2c. The measured κe (filled green circles)
follows a similar trend as the model, although with a slightly
reduced exponential decay constant as a function s. The mea-
sured κi (filled red circles) is roughly an order of magnitude
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FIG. 3: Waveguide-cavity coupling efficiency. (a) Amplitude re-
sponse of an over-coupled (top) and under-coupled (bottom) cavity.
The over-coupled cavity has R0 = 0.26 and Q = 37,500, while the
under-coupled cavity has R0 = 0.30 and Q = 60,000. b Phase re-
sponse of the over-coupled (top) and under-coupled (bottom) cavities.
(c) Normalized on-resonance reflection R0 (red circles; right axis) and
coupling efficiency ηκ (blue circles; left axis) plotted as a function of
waveguide-cavity separation s. Solid lines are a guide to the eye.
larger than the theoretical internal cavity losses, due primarily
to surface roughness and absorption not captured in the simple
model.
In summary, we have developed a method for coupling light
from an optical fiber to an on-chip silicon waveguide with a
demonstrated efficiency as high as 95%, and then used this on-
chip waveguide to couple to a PC cavity with an efficiency of
up to 90%. Taken together, this results in a total coupling effi-
ciency of 85% of photons emitted by the cavity and collected
into the optical fiber. These sorts of fiber-to-cavity couplers are
expected to find useful application for rapid wafer-scale test-
ing of on-chip optical components [2], and in quantum optics
and optomechanics experiments with micro- and nano-optics
devices [12, 25–27] where highly efficient collection and de-
tection of light is paramount.
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